Transglutaminase (TG) catalyses the formation of an isopeptide bond between glutamine and lysine residues and amine incorporation into specific glutamine residues. TG is conserved in all metazoans and functions both intracellularly and extracellularly. Here we review the existing knowledge of Drosophila TG with an emphasis on its pluripotency: Drosophila TG (i) plays a key role in cuticular morphogenesis, haemolymph coagulation, and entrapment against invading pathogens, (ii) suppresses the immune deficiency pathway to enable immune tolerance against commensal bacteria through the incorporation of polyamines into the nuclear factor-iB-like transcription factor Relish as well as through the proteinprotein cross-linking of Relish, (iii) forms a physical matrix in the gut through cross-linking of chitin-binding proteins and (iv) is involved in the maintenance of homeostasis in microbiota in the gut. Moreover, we review the evidence that TG-A, one of alternative splicing-derived isoforms of Drosophila TG, is secreted through an endoplasmic reticulum/Golgi-independent pathway involving exosomes and fatty acylations.
In metazoans, transglutaminase (TG) plays a variety of essential functions by catalysing the isopeptide bond formation of e-(g-glutamyl)lysine bonds between specific protein substrates in a Ca 2+ -dependent manner (1) . The mammalian genome contains eightencoded TG isoforms with each member being distributed in different tissues (2) . For example, TG1 in keratinocytes cross-links several structural proteins to form a thick layer of insoluble proteins, resulting in the formation of a cornified cell envelope, and TG1-knockout mice die of severe dehydration due to high trans-epidermal water loss within 45 h after birth, caused by the formation of a defective skin barrier (3) . TG2 is involved in many physiologic processes including apoptosis, inflammation, and cancer (4, 5) , whereas physiologic abnormalities in the phenotype of TG2-knockout mice have not been observed (68) . Factor XIIIa in blood plasma stabilizes fibrin polymers through proteinprotein cross-linking between the fibrin monomers. Factor XIIIa knockout mice show an impaired clot retraction phenotype (9) , and most of the pregnant mice die due to excessive bleeding during the gestation period (10) .
TG-mediated proteinprotein cross-linking has also been characterized in arthropods in vitro, such as the horseshoe crab Tachypleus tridentatus (11, 12) , the crayfish Pacifastacus leniusculus (13) , and the fruit fly Drosophila melanogaster (14) . Tachypleus TG (TtTG) is one of the most investigated TGs in arthropods, and is involved in haemolymph coagulation, carapace formation, and wound repair. For example, proxin (15) and stablin (16) , haemocyte-derived protein substrates of TtTG, are involved in stabilization of clots. Several chitin-binding proteins extracted from the horseshoe crab carapace are protein substrates for TtTG, and contain a so-called Rebers and Riddiford (R&R) consensus sequence found in arthropod cuticular proteins (17) . At the initial stage of the wound repair process, several studies suggest that a sufficient quantity of TtTG may be secreted from haemocytes or epithelial cells at injured sites and immediately activated by Ca 2+ in haemolymph plasma (1618). TtTG crosslinks caraxins, carapace-derived chitin-binding proteins specifically localized to the sub-cuticular epidermis (18) . TtTG is not present in plasma under noninfectious conditions, but it is secreted in response to various stimuli, such as invading bacteria with lipopolysaccharides, via an unknown mechanism (15) . The nucleotide sequence of TtTG was determined first in arthropods, and found to be functionally and structurally similar to mammalian TG2 (19, 20) , whereas the functional analysis of TtTG in vivo, using gene knockout and knockdown techniques, was practically impossible.
Thereafter, genome analysis in D. melanogaster identified a single TG gene (CG7356), encoding an 87-kDa protein of TG (DmTG), which is postulated to function both intracellularly and extracellularly (FlyBase ID: FBgn0031975). Secretory proteins with a typical endoplasmic reticulum (ER)-signal sequence are secreted through the conventional ER/Golgi-dependent secretory pathway (21) . However, none of the mammalian and arthropod TGs identified to date contain the N-terminal or internal ER-signal sequence, indicating that TGs functioning in the extracellular space are secreted through an ER/Golgi-independent pathway. An amino acid sequence comparison of DmTG with mammalian and arthropod TGs revealed a significant sequence similarity (50%), and the active site Cys residue and the other essential His and Asp residues, which are composed of the authentic catalytic triad, are also conserved in DmTG. In addition, a proteomic analysis of clots in Drosophila showed several candidates for substrates of DmTG (22) . In our recent studies, in order to examine the physiologic functions of DmTG in vivo and to clarify its secretion mechanism, we began an ongoing manipulation of the DmTG gene using systemic or tissuespecific TG-RNA interference (RNAi) flies. Here we review the current knowledge of DmTG with an emphasis on the importance of various physiologic properties in host defense reactions and an unconventional ER/Golgi-independent secretion mechanism involving exosomes and two types of fatty acylations.
DmTG Is Involved in Cuticular Morphogenesis and Sclerotization
The mechanisms underlying the expression of DmTG remain unknown, but it has been reported that the expression of the DmTG gene is upregulated upon injury (23) , and that in cardiac cells, myocyte enhancer factor-2 directly regulates the DmTG gene expression (24) . In Drosophila, to investigate gain or loss of functions for target genes to be analysed, the GAL4/UAS overexpression or RNAi system has been developed. The tissue-specific overexpression of the DmTG gene in the eye imaginal disc resulted in a rough eye phenotype, and that in the wing imaginal disc induced an extra wing crossvein phenotype (25, 26) . In contrast, the systemic RNAi of the DmTG gene (sTG-RNAi) caused a pupal lethal phenotype in 80% of flies, and after eclosion, about 90% of sTG-RNAi flies exhibited abnormalities, including a wing blister phenotype and the disappearance of several melanized segments on the abdominal tergite (23) .
Interestingly, most of the proteins extracted from the wings of wild-type flies immediately after eclosion (0.5 h) disappeared on SDS-PAGE at 24-h post-eclosion (23) . In sTG-RNAi flies, however, the corresponding proteins were still acid-extractable at 24-h post-eclosion, suggesting that these proteins are cross-linked by DmTG to generate non-acid extractable forms in wild-type flies, but not in sTG-RNAi flies. LC-MS/MS analysis of these candidate substrates for DmTG revealed 12 proteins encoded by genes with CG numbers. The systemic RNAi flies of these genes resulted in a lethal phenotype (CG1469, CG2216, CG3244, CG6186, CG11064, CG13214 and CG15884), an abnormal cuticle morphology (CG6806 and CG9299), or no phenotypic abnormality (CG1780, CG10287 and CG15008). Two of the genes, CG6806 and CG9299, were involved in melanization at the abdominal tergite; these genes encode larval serum protein 2 (LSP2) and a cuticular chitin-binding protein with the R&R consensus sequence (Cpr76Bd), respectively. Moreover, the wing disc-specific RNAi flies for the seven lethal phenotypes in sTG-RNAi flies exhibited a loss of anterior crossvein and a curled wing for CG3244 encoding a putative C-type lectin with a molecular mass of 27 kDa (Clect27) and CG15884 encoding a cuticular chitin-binding protein with R&R consensus (Cpr97Eb), respectively. Therefore, at least four proteins, i.e. LSP2, Cpr76Bd, Clect27, and Cpr97Eb, are involved in DmTG-mediated proteinprotein cross-linking, which is associated with cuticular morphogenesis and sclerotization in Drosophila, as shown in Fig. 1A .
DmTG-Mediated Haemolymph Coagulation and Its Protein Substrates
The addition of a polyamine derivative monodansylcadaverine (DCA) to haemolymph, which competitively inhibits the TG-catalysed cross-linking of physiologic protein substrates, dramatically affected haemolymph coagulation in vitro, and sTG-RNAi or RNAi for the Drosophila-specific protein Fondue (gene: fon) caused a defect of haemolymph coagulation (27) . Fondue was identified as one of the substrates for DmTG-dependent haemolymph coagulation by pullout experiments for clots (28) . Moreover, RNAi for haemolectin (gene: hml), which is conserved in insects and specifically expressed in Drosophila haemocytes, resulted in defects of DmTG-dependent clot formation and wound repair (29) . Haemolectin is composed of several domains, such as the discoidin, epidermal growth factor, complement control protein, von Willebrand factor type C and D, low-density lipoprotein receptor class A, and chitin-binding peritrophin-A domains, and the two discoidin domains are responsible for the lectin activity (29) . These data clearly suggest that the TG-catalysed proteinprotein cross-linking is essential for haemolymph coagulation in Drosophila.
TGs in arthropods may be involved in host defense to entrap or fix invading bacteria by TG-dependent proteinprotein cross-linking. To investigate whether there is any specific protein substrate(s) for DmTG on the surface of invading bacteria, haemolymph obtained from wild-type flies was incubated with bacteria in the presence of a biotin-labelled pentylamine (BPA, identical to a biotin-labelled cadaverine) (30) . BPA, like DCA, acts as an amine donor and inhibits proteinprotein cross-linking of endogenous protein substrates to be incorporated into a target substrate(s). The experiments clearly detected BPA incorporation into a protein substrate(s) on the surface of bacteria, although the target protein(s) on the surface of bacteria was not identified.
In addition, to identify a substrate(s) of DmTG in haemolymph to be cross-linked to bacterial surface protein(s), bacterial lysates from Escherichia coli and Staphylococcus aureus were incubated with haemolymph in the presence of BPA (30) . The resulting BPA-incorporated protein(s) bound to the bacterial surface protein(s) was purified using streptavidin-conjugated magnetic beads and analysed by mass spectrometry. These experiments revealed that one of the substrates in haemolymph is the procoagulant protein hexamerin. The bacterial surface protein(s) could be cross-linked with hexamerin and/or Fondue in clots (Fig. 1B) . Moreover, DmTG also cross-linked a surface protein(s) of entomopathogenic nematodes to be entrapped, although the surface protein(s) was not identified (30) (Fig. 1B) .
DmTG-Catalysed ProteinProtein CrossLinking Suppresses the Activity of the Nuclear Factor-iB-Like Transcription Factor Relish
Drosophila is a well-characterized model system for studying the interaction between gut immunity and microbiota (3133). In the Drosophila gut, antimicrobial peptides (AMPs), such as diptericin and cecropin, appear to regulate gut microbiota rather than kill invading pathogens (34) . The immune deficiency (IMD) pathway-controlled AMP (IMD-AMP) production is triggered by diaminopimelic acidpeptidoglycans derived mainly from Gram-negative bacteria (35) . The signal is transduced through the receptor peptidoglycan recognition protein (PGRP)-LC (36, 37) or PGRP-LE (38) in gut epithelial cells, and finally, the nuclear factor (NF)-kB-like transcription factor Relish is proteolytically cleaved into the N-terminal (Relish-N) and C-terminal (Relish-C) regions by a caspase-8-homolog Dredd to translocate Relish-N into the nuclei ( Fig. 2A) . The IMD-AMP production is triggered by not only orally infected pathogenic bacteria but also gut commensal bacteria (39) .
In order to suppress the overexpression of AMPs, several regulatory systems for the IMD-pathway have been reported (34, 3944) . For example, we found that DmTG is involved in negative regulation of the IMDpathway; sTG-RNAi reduces the lifespan of flies (the red line in Fig. 2B ) and causes overproduction of AMPs (34) . Conversely, these effects of sTG-RNAi were not observed under germ-free conditions (the black line in Fig. 2B ). We hypothesized that the overproduction of AMPs in conventional reared sTGRNAi flies would result in changes in the composition of the commensal bacteria. To confirm this hypothesis, we performed commensal bacteria transfers. Germfree wild-type flies ingested gut lysates prepared from conventionally reared sTG-RNAi flies for 1 day, then were maintained under germ-free conditions. The survival rate of these flies (the green line in Functions and a secretion mechanism of transglutaminase A C B Fig. 2 DmTG functions as a suppressor of the IMD-AMP production in the gut (A) A model of the Drosophila IMD pathway. Peptidoglycan derived from commensal bacteria is recognized by PGRP-LC and PGRP-LE, and the transcriptional factor Relish is cleaved by Dredd into Relish-N and Relish-C. Subsequently, Relish-N with transcriptional factor activity is translocated into the nucleus. Intracellular DmTG catalyses the polymerization of Relish-N to inhibit its translocation into the nucleus. On the other hand, polyamines are incorporated into Relish-N to reduce the DNA-binding or the transcriptional ability of Relish-N. (B) Survival rate of sTG-RNAi or wild-type flies. Black, germ-free sTGRNAi; red, conventionally reared sTG-RNAi; blue, germ-free wild-typeflies that had ingested the gut lysate of conventionally reared wild-type flies; green, germ-free wild-type flies that had ingested the gut lysate of conventionally reared sTG-RNAi flies; orange, conventionally reared wild-type flies that co-housed with conventionally reared sTG-RNAi flies. (C) A model of DmTG-mediated gut homeostasis. Under conventionally reared conditions, DmTG suppresses the excess expression of AMPs, which enables immune tolerance against commensal microbes to maintain Acetobacter dominant microbiota. In the case of sTG-RNAi flies, overproduction of AMPs resulted in the disorganization of commensal microbes and a short lifespan of the flies.
T. Shibata and S.-i. Kawabata significantly decreased for germ-free wild-type flies that had ingested gut lysates prepared from conventionally reared wild-type flies (the blue line in Fig. 2B ). In addition, the lifespan of conventionally reared wild-type flies that co-housed with conventionally reared sTGRNAi flies significantly decreased (the orange line in Fig. 2B ) (unpublished data). These results show that gut lysate from conventionally reared sTG-RNAi flies contains a commensal community modification that shortens the lifespan of germ-free wild-type flies.
To determine a DmTG substrate(s) involved in the IMD pathway in gut epithelial cells, BPA was ingested by flies to be incorporated into the target TG substrate(s) (34) . The resulting BPA-incorporated protein(s) was detected by fluorescence-conjugated streptavidin in the gut epithelial cells of wild-type flies, but not in those of Relish-null mutant flies. Interestingly, BPA was incorporated into Relish-N, the active form of the transcription factor, but not the full-length Relish and Relish-C, indicating that Relish-N is the target substrate for DmTG-catalysed proteinprotein cross-linking in the IMD pathway in the gut epithelial cells. These results also suggest that full-length Relish must be cleaved by the specific protease Dredd before it can be cross-linked, and that the cross-linking sites in the Relish-N region must be exposed by the proteolytic conversion.
Moreover, mass spectrometry analysis of a recombinant Relish-N treated with DCA in the presence of DmTG showed that six Gln residues were specifically modified with DCA and all of them were located in the DNA-binding region of Relish-N (45). The DmTGcatalysed DCA incorporation inhibited the binding of Relish-N to the kB element-i.e. the Rel-responsive region-in the NF-kB-binding DNA sequence. In addition, spermidine and spermine, natural primary amines, were incorporated into Relish-N in a DmTGdependent manner, which reduced the transcription of IMD-AMP genes in vivo. These findings suggest that intracellular DmTG regulates Relish-N-mediated transcriptional activity not only by proteinprotein crosslinking between the Relish-N molecules, but also by incorporating polyamines into Relish-N ( Fig. 2A) .
A mammalian immune pathway is also regulated through TG-dependent crosslinking of a specific signalling component in lipopolysaccharide-treated microglial cells; TG2 catalyses the formation of a polymer of I-kB by proteinprotein cross-linking, resulting in NF-kB translocation to the nucleus, leading to the up-regulation of inflammatory genes (46) . In addition, Tatsukawa et al. reported ethanol-induced hepatocyte apoptosis through inactivation of the transcription factor Sp1 by TG-dependent proteinprotein crosslinking, resulting in inhibition of the expression of cMet, which encodes a receptor for hepatocyte growth factor that is required for hepatocyte viability (47) .
DmTG-RNAi Triggers Dysbiosis of Gut Microbiota
DmTG suppressed IMD-AMP production, thereby conferring immune tolerance to gut microbes, and RNAi of the DmTG gene in flies decreased the lifespan compared with non-sTG-RNAi flies (34) . Analysis of the bacterial composition of the gut by next-generation sequencing revealed that gut microbiota comprising one dominant genus of Acetobacter in non-sTG-RNAi flies is shifted to that comprising two dominant genera of Acetobacter and Providencia in sTG-RNAi flies (48) (Fig. 2C) . Four bacterial strains-Acetobacter persici SK1, Acetobacter indonesiensis SK2, Lactobacillus pentosus SK3 and Providencia rettgeri SK4-were isolated from the midgut of the flies; the SK1 and SK3 were isolated from both non-sTG-RNAi and sTG-RNAi flies, and the SK2 and SK4 were isolated from sTG-RNAi flies, but not from non-sTG-RNAi flies.
The colonization ability of the isolated bacterial strains showed that SK1 and SK4 colonize equally in the midguts of both non-sTG-RNAi and sTG-RNAi flies, whereas little or no bacterial load of SK2 and SK3 is observed in non-sTG-RNAi flies, but sufficient bacterial loads of SK2 and SK3 are counted in the midguts of sTG-RNAi flies (48) . These findings suggest that a better intestinal habitat is provided for specific bacterial strains under the conditions of sTG-RNAi despite the increasing expression of IMD-AMPs in the fly gut.
The production of IMD-AMPs in the fly gut must function as a selective pressure, and overexpression of IMD-AMPs may induce collapse of symbiosis between the host and microbiota, i.e. dysbiosis, although the importance of IMD-AMPs in the fly gut remains unclear (49) . We speculated that sTG-RNAi triggers a shift in the gut microbiota from the single bacterial dominant microbiota of Acetobacter to the two bacterial dominant microbiota of Acetobacter and Providencia through regulation of the production of IMD-AMPs. To investigate the resistance of the strains SK1-4 to IMD-AMPs, the resistance activities against cecropin A1 and diptericin, synthetic AMPs of Drosophila, were assayed. SK1 exhibited the highest resistance to cecropin A1 and diptericin among the isolated bacteria. In contrast, SK4 exhibited considerably lower resistance against cecropin A1, whereas SK4 exhibited high resistance to reactive oxygen species. Therefore, the resistance of strains SK1-4 against IMD-AMPs in in vitro assays could not explain the shift of the microbiota in the gut of sTG-RNAi flies.
The lifespan was reduced in gnotobiotic flies that ingested both SK4 and SK1, concomitant with the production of reactive oxygen species and apoptosis in the midgut, whereas the survival rate was not altered in gnotobiotic flies that mono-ingested either SK4 or SK1 (48) . Interestingly, in the midgut of gnotobiotic flies that ingested SK4 and SK2, significant amounts of reactive oxygen species were observed, but no significant apoptosis. In gnotobiotic flies that co-ingested SK4 and SK1, an additional unknown factor(s) may be required to cause midgut apoptosis.
Peritrophic Matrix Formation by DmTGDependent Cross-Linking of Drosocrystallin
Intestinal homeostasis is ensured by a balance between commensal bacteria and host immunity. Gut epithelial Functions and a secretion mechanism of transglutaminase barriers, such as the mucus layer in mammals, have a protective function for the host, as they are impermeable to invading intestinal microbes (50) . In insects, the peritrophic matrix plays a protective function for the host, as this matrix is impermeable to invading microbes. The peritrophic matrix is composed of chitin, chitin-binding proteins and various minerals (51) .
In Drosophila, drosocrystallin (dCry) was identified as a component of the peritrophic matrix, and dCry was essential for host defense against bacterial metalloprotease AprA secreted by the insect pathogen Pseudomonas entomophila (52) . Protease AprA is important for local infection by P. entomophila (53) . We found that dCry is a chitin-binding protein (Fig. 3A) and a substrate for DmTG, and that dCry, but not dCry cross-linked by DmTG, is degraded by protease AprA: DmTG-dependent proteinprotein cross-linking of dCry plays an essential role for peritrophic matrix formation by converting dCry into a stable fiber against the proteolytic digestion by protease AprA, although dCry forms a fragile fiber-like structure in a Ca 2+ -dependent manner without DmTG-dependent proteinprotein cross-linking (54) (Fig. 3B) .
P. entomophila secretes another exotoxin monalysin, a pore-forming toxin against cell membranes, causing host cell death (55) . Microscopic analysis using specific T. Shibata and S.-i. Kawabata antibodies against dCry and monalysin showed that protease-resistant dCry cross-linked by DmTG traps monalysin through non-covalent interactions even in the presence of protease AprA (54) (Fig. 3B ). In contrast, Ca 2+ -induced non-cross-linked dCry fiber was degraded by protease AprA, making it unable to trap monalysin. These findings indicate that cross-linked dCry on the peritrophic matrix acts as a protective physical barrier against exotoxins such as protease AprA and the pore-forming protein monalysin secreted by the pathogenic bacteria.
Moreover, the tissue-specific DmTG-RNAi in the gut led to an increase in permeability of the peritrophic matrix and greatly raised the susceptibility to protease AprA, leading to a shorter lifespan than in control flies, whereas the lifespan after ingesting AprA-knockout P. entomophila was equivalent to that in the controls (54) . Thus, DmTG contributes to the formation of a stable dCry barrier on the peritrophic matrix and to an increase in tolerance to pathogenic microorganisms. Interestingly, gut-specific DmTG-RNAi flies exhibited overexpression of AMPs in the fat body, suggesting that a defect of the peritrophic matrix by the gut-specific DmTG-knockdown may cause a peptidoglycan entry into the body cavity to trigger the production of IMD-AMPs in the fat body (Fig. 3C ) (unpublished data). Recently, Kenmoku et al. (56) reported a subset of neurons required for maintaining the permeability of the peritrophic matrix and midgut structure of the fly adults.
Tissue-Specific Expression of Two Alternative Splicing-Derived Isoforms of DmTG, TG-A and TG-B
DmTG is encoded by one gene (FBgn0031975) and has two alternative splicing-derived isoforms, TG-A (FBpp0079155) and TG-B (FBpp0079156), which contain the distinct N-terminal 46-and 38-amino acid sequences, respectively (Fig. 4A) . Their mRNA amounts quantitated by real-time reverse transcription polymerase chain reaction showed that the crop has significantly higher levels of both TG-A and TG-B in the tissues examined in the third-instar larval stage (57) . On the other hand, the amount of TG-B mRNA expressed in the third-instar larval and early pupal stages was 5-to 10-fold greater than that of TG-A mRNA. In the late pupal stage, both the TG-A and TG-B genes were highly expressed, indicating that both TG-A and TG-B activities are crucial for morphogenesis at this stage.
TG-A Is Modified Concomitantly by N-Myristoylation and S-Palmitoylation
As described earlier, DmTG plays essential intracellular and extracellular roles through covalent cross-linking of proteins. The TGs identified to date, however, do not have an authentic N-terminal ER-signal peptide. We found that TG-A, but not TG-B, has the Nmyristoyl consensus sequence Met-Gly-X-X-X-Thr/ Ser/Cys-and that TG-A is concomitantly modified by N-myristoylation at the Gly 2 position and S-palmitoylation at the Cys 7 and Cys 8 positions (Fig. 4A) (57) . N-myristoylation was pre-requisite for the S-palmitoylation of TG-A. Immune-staining experiments showed that the subcellular localization of TG-A in haemocytes and cultured Drosophila S2 cells is the multivesicular body (MVB), while TG-B is localized in the cytosol. Treatment of S-palmitoylation with 2-bromopalmitate, an inhibitor of palmitoyl acyl-transferases, inhibited the subcellular localization of TG-A in S2 cells. These finding indicate that two types of fatty acylations are necessary for TG-A subcellular localization in the MVBs.
N-Myristoylation occurs co-translationally on the glycine residue after cleavage of the initiation methionine by methionine aminopeptidase or post-translationally when an internal glycine becomes exposed by caspase-mediated cleavage (58) . In contrast, S-palmitoylation requires no consensus sequence and is a reversible reaction under physiologic conditions. Depending on extracellular signals, thioesterases catalyse depalmitoylation of the modified proteins, and therefore, S-palmitoylation and depalmitoylation of target proteins induce the switching on and off of membrane trafficking (58, 59) . Palmitoyl acyl-transferases are membrane-bound enzymes localized on the ER or Golgi membranes, whose catalytic site faces to the cytoplasmic side (60, 61) .
A commonly described function of fatty-acid modifications in proteins is the increase of the hydrophobic interaction of a soluble protein with the plasma membrane or membranes of the intracellular organelles, which can thereby affect the localization and function of the modified proteins. On the other hand, the relationship between fatty-acid modifications and protein secretion is controversial (62) . S-Palmitoylation itself is not always involved in protein secretion. For example, Wnt ligands with a conventional N-terminal signal sequence are multiple fatty-acylated glycoproteins, and S-palmitoylation at Cys 77 and O-acylation at Ser 209 by palmitoleic acid in mouse Wnt3a are conserved in mammals. The Wnt signalling pathway plays important roles in embryonic development, tissue homeostasis, and carcinogenesis. Inhibition of the Spalmitoylation at Cys 77 causes a loss of the signalling activity, but does not affect secretion (63) . In contrast, an O-acylation defect at Ser 209 prohibits its secretion (64) . In the case of Drosophila Wnt (Wingless), however, a defect of S-palmitoylation at the corresponding position affects the secretion, whereas that of O-acylation does not (65) . Hip 14, a member of palmitoyl acyltransferases, catalyses the S-palmitoylation of Sog, which is also essential for its secretion (66) .
TG-A Is Secreted via an Unconventional ER/Golgi-Independent Pathway Involving Exosomes
We found that TG-A is secreted via an unconventional ER/Golgi-independent mechanism involving exosomes (57) . Exosomes are extracellular microvesicles that are 30120 nm in size and involved in intercellular
Functions and a secretion mechanism of transglutaminase communication. Exosomes are stored in a specialized subset of late endosomes, the MVBs, and are released extracellularly following fusion of the outer membrane of the MVBs with the plasma membrane (67) . Exosomes contain various cargos, such as proteins, enzymes, mRNAs and microRNAs, and exosomes secreted from a variety of cells are taken up by recipient cells (68) . Most proteins in exosomes do not have the conventional N-terminal secretion signal peptide in their precursor proteins (69, 70) .
Calcium signalling induced by Ca 2+ ionophores and uracil, a pathogenic bacteria-derived substance, induced TG-A secretion. Moreover, inhibition of the ER/Golgi-mediated conventional secretion pathway by brefeldin A or monensin did not suppress TG-A secretion. Detailed experiments confirmed that TG-A is secreted via exosomes together with co-transfected the tetraspanin CD63, a mammalian exosomal marker. Interestingly, the eight-residue N-terminal fragment of TG-A containing the fatty acylation sites of N-myristoylation and S-palmitoylation was both necessary and sufficient for the exosome-dependent secretion of TG-A.
Additionally, the TG-Acontaining exosome fraction was treated with proteinase K in the presence or absence of Triton X-100, and the intact TG-A antigen was retained after treatment with proteinase K in the absence of Triton X-100, but not in the presence of Triton X-100, indicating that TG-A localizes in the inner leaflet of exosomes (57) . These findings demonstrate that the two types of fatty-acid acylations of TG-A remain intact after secretion by exosomes. The mechanisms of translocation of TG-A to MVBs are unknown, but RNAi experiments showed that the formation of TG-A-containing MVBs and exosomal release from MVBs are dependent on small GTPase Rab11 and Rab27 activities, respectively (56) (Fig.  4B) . Rab11 (71) and Rab27 (72) N-myristoylated at the Gly 3 residue and S-myristoylated at an unidentified Cys residue(s) (73) . Therefore, the fatty acylations possibly control trafficking between the plasma membrane and cytosol. In addition, TG2 is mainly localized in the cytosol, but 20% of TG2 is secreted through an unconventional secretion pathway and localized on the outside of the plasma membrane, regulating cell survival by proteinprotein cross-linking in the extracellular matrix (74) . Recently, two groups reported that TG2 in the cytosol is secreted via a unique phosphoinositide-dependent pathway (75) , and that TG2 is secreted by exosomes under stressful conditions (76) .
Conclusion
In this review, we have described DmTG as a multifunctional enzyme that works both intracellularly and extracellularly: (i) DmTG is involved in cuticular morphogenesis (23), sclerotization (23), haemolymph coagulation (22, 2729) and entrapment of invading pathogens (30) through cross-linking of specific DmTG substrates; (ii) DmTG suppresses the IMD pathway to enable immune tolerance against commensal bacteria through the incorporation of polyamines into Relish-N (45) as well as through the proteinprotein cross-linking of Relish-N (34); (iii) DmTG forms the peritrophic matrix through crosslinking of dCry against invading pathogens (54); and (iv) DmTG is involved in the maintenance of homeostasis in microbiota in the gut (48) .
In addition, we have reviewed the evidence that the DmTG gene produces two type of isoforms, TG-A and TG-B, by alternative splicing. TG-A, but not TG-B, is secreted via an unconventional ER/Golgi-independent mechanism (57). To our knowledge, this is the first evidence for an-ER/Golgi-independent secretion pathway; a protein synthesized by free ribosomes in the cytosol is secreted through an unconventional pathway containing the two types of fatty-acylations and exosomes. Based on our present data, TG-A and TG-B are functionally assigned to extracellular DmTG and intracellular DmTG, respectively. Therefore, TG-A is involved in the physiologic functions for (i) and (iii), and TG-B is involved in those for (ii) and (iv).
Recently, Adamcztk et al. (77) reported that another type of the ER/Golgi-independent secretion pathway of TG2 is regulated by the purinergic receptor P2X7, a nucleotide-gated ion channel activated in the presence of high concentrations of extracellular ATP; neither Ca 2+ signalling nor membrane depolarization trigger TG2 secretion, which occurs only upon the receptormediated pore formation, and activation of P2X7 receptor leads to formation of an NALP3-dependent inflammasome, suggesting a link between TG2 secretion and inflammatory responses.
TG-A was secreted on exosomes by external stimuli such as uracils derived from pathogenic bacteria, and interestingly, secreted exosomes containing TG-A were taken up by other cells, suggesting that exosomalmediated secretion of TG-A is involved in cell-cell communication (57) . Of note, TG-A may play roles in the cuticular and peritrophic matrix formation to crosslink chitin-binding proteins, such as Cpr97Eb or dCry, to maintain the permeability of the chitin fibrils (23) , indicating that DmTG is secreted by an unknown, host-derived factor(s) to induce TG-A secretion for morphogenesis and cuticular sclerotization.
Lyden's group reported that exosomes are involved in the progression of cancer and metastasis (7880). The physiologic function of exosomes containing TG-A remains unclear, but it is known that these exosomes are taken up by other cells and bound to bacteria, indicating that TG-A may be involved in intercellular communication and/or host defense against invading microbes (57) . The molecular mechanism of the secretion of TG-A requires further investigation, and the molecular mechanism underlying the fatty acylations and the sorting of fatty-acylated proteins into the MVBs is one of the critical issues. Studies on the molecular mechanisms of the fatty acylationmediated exosomal secretion in Drosophila will thus provide new insight into the research field of unconventional secretion pathways. 
